Regions of the genome of the Orgyia pseudotsugata multinucleocapsid nuclear polyhedrosis virus (OpMNPV) containing the DNA polymerase and helicase genes were sequenced. The DNA polymerase and helicase genes encode predicted proteins of 985 (ll2-6kDa) and 1223 (140.5kDa) amino acids and exhibited 63 % and 59 % amino acid identity, respectively, with their homologues in the Autographa californica MNPV (AcMNPV). The influence of sequence variation between the OpMNPV and AcMNPV DNA polymerase and helicase was investigated by employing gene substitution experiments in transient replication assays in Lymantria dispar and Spodoptera frugiperda cells. The DNA polymerase gene appeared to be interchangeable in this assay; both the AcMNPV and OpMNPV DNA polymerase supported high levels of replication of an origin-containing reporter plasmid when substituted for their homologue and cotransfected with a set of heterologous essential and stimulatory replication genes into uninfected insect cells. However, the OpMNPV helicase failed to support replication when it replaced the AcMNPV helicase from the set of AcMNPV replication genes cotransfected into S. frugiperda cells. In contrast, the AcMNPV helicase gene supported about 50 % of the level of replication when substituted for its homologue in the OpMNPV set of replication genes.
Introduction
The Baculoviridae are a diverse family of insect viruses that are characterized by a complex replication cycle that culminates in the occlusion of the viral progeny in a proteinaceous matrix (Blissard & Rohrmann, 1990) . Although baculoviruses are widely employed as expression vectors and are also being investigated for incorporation into insect pest control programmes, little is known about how they replicate their genomes. Recently, several advances have been made in baculovirus DNA replication. Sequences that function as baculovirus origins of DNA replication in infected insect cells have been identified from several baculoviruses, including Autographa californica multinucleocapsid nuclear polyhedrosis virus (AcMNPV) (Kool et al., 1993; Leisy & Rohrmann, 1993; Pearson et al., 1992) , Orgyia pseudotsugata MNPV (OpMNPV) (Ahrens et al., * Author for correspondence. Fax + 1 503 737 0497. e-mail rohrmann@bcc.orst.edu
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Although the genomes of OpMNPV and AcMNPV are of similar size and major portions are characterized by collinear arrangements of homologous genes (Gombart et al., 1989; Leisy et al., 1984) , the replication origins appear to differ between the two viruses both in their structure and in their complexity. In addition, heterologous origin-containing plasmids are replicated to less than 2% of the levels of plasmids with a homologous origin of replication in infected cells Pearson et al., 1993) . These data indicate that significant differences in the DNA-protein interactions that affect the initiation of DNA replication or later stages during DNA synthesis exist between these viruses. In addition, factors specific to the different insect cell lines may play a role in determining whether significant levels of DNA replication can occur.
Sets of essential and stimulatory genes have been identified from both AcMNPV (Kool et al., 1994; Lu & Miller, 1995) and OpMNPV Ahrens & Rohrmann, 1995a, b) . Although both viruses employ homologues of the same six essential genes (DNA polymerase, helicase, , significant differences are found in the composition and relative importance of the stimulating factors, p35, which inhibits 0001-3730 © 1996 SGM apoptosis in AcMNPV-infected S. frugiperda cells (Clem et al., 1991) and is not present in the OpMNPV genome (Gombart et al., 1989) , had the most profound effect in the AcMNPV system (Kool et al., 1994; Lu & Miller, 1995) . In contrast, the viral transactivator ie-2 showed the highest levels of stimulation for OpMNP¥ , despite the fact that a functional analogue of p35, Op-iapl (inhibitor of apoptosis) (Birnbaum et al., 1994) is present in the OpMNPV genome.
In addition to being essential for DNA replication, the baculovirus helicase gene has also been shown to influence viral host range. Bombyx mori NPV (BmNPV) and AcMNPV infect B. mori and S. frugiperda cells respectively, but cannot replicate in the heterologous cell line. However, in cotransfection experiments AcMNPV recombinants containing a fragment of the BmNPV helicase gene instead of the corresponding AcMNPV sequence were produced that were capable of replicating in both B. mori and S. frugiperda cells. The fragment conferring this ability to AcMNPV was found to be 572 bp in one investigation (Maeda et al., 1993) and a 79 bp region (resulting in four altered codons) included within the 572 bp sequence in another study (Croizier et al., 1994) . The AcMNPV recombinants containing the BmNPV helicase segment also replicated in B. mori larvae (Croizier et al., 1994) , which are normally not permissive for AcMNPV.
In this report, we describe the sequence of the OpMNPV DNA polymerase and helicase genes. In addition, in order to assess the role DNA polymerase and helicase sequence variation may play in the specificity of baculovirus DNA replication, we examined the ability of these genes from both OpMNPV and AcMNPV to function in replication assays containing the remaining complement of genes from the heterologous virus.
Methods
Cell culture. The L. dispar (IPLB-Ld-652Y) and S. frugiperda (Sf9) cell lines were propagated at 27 °C in TNM-FH medium supplemented with 10% (v/v) fetal bovine serum (FBS), penicillin G (50 units/ml), streptomycin (50gg/ml; Whitaker Bioproducts), and fungizone (amphotericin B, 375 ng/ml; Flow Laboratories), according to standard procedures (Summers & Smith, 1987) .
Plasmids and replication assay. The plasmids providing the six essential AcMNPV replication genes and two of the genes stimulatory for AcMNPV DNA replication, p35 and ie-2, as well as the origincontaining reporter plasmid pAcHdL have been described previously (Kool et aL, 1994) . Likewise, the set of plasmids encoding the six essential OpMNPV DNA replication genes, the plasmid providing the stimulatory gene ie-2, and the origin-containing reporter plasmid pHdN have been described . The replication assay was described previously . The replication efficiencies of the origin-containing reporter plasmids pHdN and pAcHdL cotransfected with the set of essential replication genes and additional stimulatory genes were quantified with a PSI-486 Phosphorimager S1 and Imagequant Workstation (Molecular Dynamics), using the Scanner Control SI-PDSI version 1.0 and Imagequant 4.1 software packages and are representative of the mean value of several independent assays. DNA sequencing and analysis. Exonuclease III deletion clones (Henikoff, 1987) for DNA sequence determination were generated from pDNApol (m.u. 43.9M7.0) (Ahrens & Rohrmann, 1995a) and phel (m.u. 61.4--65-4) , and the nucleotide sequences of these 4.2 and 5.4 kb regions were determined using methods described previously . Confirmation of the sequence involved sequencing from synthetic primers. The nucleotide sequence and the predicted protein sequences were analysed with the GCG suite of sequence analysis programs (Devereux et al., 1984) , versions 7.2-UNIX (1992) and 8.0-UNIX (1995). Putative ORFs were analysed for the presence of known protein signature motifs with GCG's MOTIF program (Devereux et al., 1984) and the BLOCKS program (Henikoff & Henikoff, 1991) .
Alignments andphylogenetic tree. The six baculovirus DNA polymerases were aligned with the MSA program (Lipman et aI., 1989) which creates an optimal multiple alignment on the Cray C90 supercomputer at the Pittsburgh Supercomputing Center; the MSA output file was prepared for publication with the MALIGNED (Stephen Clark, Ontario Cancer Institute, Toronto, Canada; version 1.64) and MALFORM (Stephen Clark) software available at the PSC. The phylogenetic tree was calculated by GCG's GrowTree program (Olsen, 1990) ; distances were computed with GCG's Distance program using the Kimura correction for protein sequences (Kimura, 1983) . The tree calculation is based on positions 24-975 of the alignment shown in Fig. 2 . The DrawTree program of the PHYLIP version 3.5c suite of phylogeny programs distributed by J. Felsenstein, an updated version of PHYLIP version 3.2 (Felsenstein, 1989) was used to draw the tree shown in Fig. 3 .
Results and Discussion
Determination of the nucleotide sequence of the OpMNPV DNA polymerase gene region Based on partial DNA sequence analysis, we previously determined that a plasmid (pDNApol) encompassing m.u. 43.8-47.0 on the OpMNPV genome contained a gene with homology to DNA polymerases located adjacent to the baculovirus gp37 gene (Gross et al., 1993) (Fig. 1 a) , and near the OpMNPV 1@3 gene . The plasmid pDNApol is able to supply an essential OpMNPV replication gene when cotransfected into uninfected insect cells along with the other essential replication genes and an origin-containing reporter plasmid . For this report, we sequenced from m.u. 44-6 to the HindIII site at m.u. 48.3 (Fig. l a) , which closes the gap between the previously reported sequences of the gp37 gene region (m.u. 43-5-44"6) (Gross et al., 1993) (GenBank D13306) and the lef-3 gene region (m.u. 48.3-50.1) ) (GenBank D45397). Computer analysis revealed the presence of two large ORFs (Fig. l a) Below is shown an expanded restriction map and the major ORFs in the DNA polymerase gene region. The sequence of the gp37 and lef-3 regions has been previously described Gross et al., 1993) . A diagram of pDNApol is shown. (b) HindIII map of the OpMNPV genome. Below is shown an expanded restriction map of the major ORFs in the helicase gene region. Numbered ORFs are homologous to the corresponding AcMNPV ORF (Ayres et al., 1994) .
polymerase) and ORF 66 (Ayres et al., 1994) . OpMNPV ORF 66 encodes a predicted protein of 875 amino acids (98.6 kDa) that is 32.8 % identical to AcMNPV ORF 66 which is predicted to encode 809 amino acids (94 kDa). Both ORFs contain a stretch of 60-80 amino acids composed almost exclusively of proline and glutamine, but no functional motifs could be identified by computer analysis. A database search with OpMNPV ORF 66 identified additional significant homology with the partial peptides reported from sequences in the DNA polymerase regions of BmNPV (63.6% amino acid identity with the amino-terminal 81 amino acids of its BmNPV homologue) (Chaeychomsri et al., 1995) , Choristoneura fumiferana MNPV (CfMNPV) (85.6% identity with the amino-terminal 178 amino acids of ORF 178) (Liu & Carstens, 1995) and LdMNPV (29 % identity with the amino-terminal 369 amino acids of its LdMNPV homologue) . Optimal multiple alignment of six baculovirus DNA polymerase sequences. These sequences include: AcMNPV (Ayres et al., 1994) , BmNPV (Chaeychomsri et al., 1995) , CfMNPV (Liu & Carstens, 1995) , LdMNPV (Bjornson et al., 1992), HzMNPV (Cowan et al., 1994) and OpMNPV (this report).
The predicted DNA polymerase proteins were aligned with the MSA program on a Cray C90 Supercomputer at the Pittsburgh Supercomputing Center. Amino acids that are conserved among all six DNA polymerases are represented by upper-case white letters in a black background; those conserved in more than 80 % of the sequences are shown on a crosshatched background and are listed in lower-case letters in the consensus sequence; amino acids conserved in more than 60 % of the sequences appear in hashed boxes. The amino acids conserved in all six polymerases are shown below the alignment in capital letters, amino acids conserved in five of the polymerases are shown in small letters. Amino acids associated with a 3' ~ 5' exonuclease activity (Morrison et al., 1991, and references therein) are marked by asterisks beneath the alignment. ORF 65 (DNA polymerase), encodes a predicted protein of 985 amino acids (112"6 kDa). An optimal multiple alignment of six reported baculovirus DNA polymerases was generated with the MSA program (see Methods) and is shown in Fig. 2 . A set of sequence motifs conserved among the a-like DNA polymerases believed to be involved in substrate binding, primase interaction and pyrophosphate hydrolysis (for review, see Wang, 1991) are present in the alignment [modified from Bjornson et al. (1992) and Chaeychomsri et al. (1995) ] and exhibit the characteristic linear spatial arrangement (IV-II-VI-III-I-V). In addition, a region that is conserved among 0c-like polymerases and implicated in recognition and binding of nucleotide and PPi substrates (Motif VII) (Hwang et aL, 1992) spans amino acids 718-728. When this sequence was mutated in herpes simplex virus type 1, resistance to acyclovir and foscarnet was conferred to the DNA polymerase (Hwang et al., 1992) . Also present are three conserved domains implicated in 3'~ 5' exonuclease activity among prokaryotic and eukaryotic DNA polymerases (Morrison et al., 1991) . These are called Exo I (amino acids 190--201) , Exo II [amino acids 273-289 (contained within Motif IV)] and Exo III (amino acids 383-394) and are thought to compose the 3~ 5' exonuclease active site. Mutational analyses indicated that five amino acids located within these motifs are crucial for its function (Morrison et aL, 1991 and references therein) . All five amino acids are conserved in the baculovirus DNA polymerases ( Fig. 2 ; see amino acids with asterisks).
Most areas of high homology among the baculovirus polymerases coincide with conserved motifs. The ten regions noted to be 100% conserved in a previously reported alignment of three DNA polymerases (CfMNPV, AcMNPV, LdMNPV), named RI-10 (Liu & Carstens, 1995) , are either conserved or closely related in all six polymerases.
A summary of pairwise alignments among the DNA polymerases of OpMNPV and the five other reported baculovirus DNA polymerases is shown in Table 1 and a phylogenetic tree based on the statistics of the multiple sequence alignment of the DNA polymerases is shown in Fig. 3 . These data indicate that AcMNPV and BmNPV DNA polymerases are closely related; the OpMNPV and CfMNPV proteins form a distinct group; and LdMNPV and HzMNPV DNA polymerases are not closely related to the other baculovirus DNA polymerases.
The 5' regions of the OpMNPV and AcMNPV DNA polymerase genes were aligned (Fig. 4a) . Although the 60 bp upstream of the ATG are highly variable, a number of areas are conserved. The complement of a late promoter motif (GTAAG) located 11 bp downstream of the DNA polymerase initiation codon is Conserved. Transcriptional mapping data indicates that this is the AcMNPV ORF 66 late promoter (Ohresser et al., 1994) . The region surrounding the AcMNPV DNA polymerase mRNA start site (Tomalski et al., 1988 ) is highly conserved. However, in contrast to AcMNPV which lacks a TATA early promoter consensus sequence, such a sequence is present in the OpMNPV sequence. In a previous report comparing in vitro transcription initiation from the AcMNPV and LdMNPV DNA polymerase gene 5' flanking regions, it was found that the AcMNPV promoter initiates transcription less efficiently than a TATAA-containing promoter of the LdMNPV DNA polymerase gene .
Nucleotide sequence of the OpMNPV helicase gene region
An OpMNPV ORF with homology to the AcMNPV putative helicase gene was originally identified downstream of a gene, p25, that encodes a protein associated with the envelope of polyhedron-derived virus . Subsequently a plasmid (phel) containing this ORF was found to be essential for DNA replication in a transient replication assay . The sequence of the 5"4 kb SstI-XhoI insert (m.u. 61-4-65-4) in phel (Fig. l b) was completed (the sequence of the 1 kb region containing the p25 gene was reported previously ; GenBank D13768) and two ORFs with excellent coding potential were identified (Fig. 1 b) . One showed 68-8 % identity to AcMNPV ORF 96 (Ayres et al., 1994) , whereas the other (ORF 95) exhibited homology to AcMNPV helicase (see Fig. 5 ). Computer analysis of ORF 96 (172 amino acids, 19-4 kDa) did not identify any significant homology to described functional motifs; Felsenstein, 1989) .
however, a database search identified an ORF in the Cryptophlebia leucotreta granulosis virus (C1GV), ORF 486 (162 amino acids, 18.6kDa) (Jehle & Backhaus, 1994) , which was 31.2 % identical at the amino acid level to ORF 96. The major OpMNPV ORF in this region, ORF 95, was predicted to encode a polypeptide of 1223 amino acids (140.5 kDa) with 59-4% amino acid sequence identity to the predicted AcMNPV helicase. These putative helicases contain seven conserved motifs that show homology with domains conserved in members of a superfamily of DNA and RNA helicases (Gorbalenya et al., 1989b; Hodgman, 1988; Lu & Carstens, 1991) (Fig. 5) . The conserved motifs are located in the carboxylterminal 320 amino acids within an area that shows the highest sequence conservation (70%) of the entire alignment and their linear spatial arrangement is identical to that found in other members of the helicase superfamily (NH 2 terminus-I-Ia-II-III-IV-V-VI-COOH terminus) (Gorbalenya et al., 1989 b; Hodgman, 1988) (Fig.  5) . The motifs have the following properties: Motif I (amino acids 917-927) contains a sequence known as the A-site (first described by Walker et al., 1982) or P-loop (Saraste et al., 1990) that is common to GTP-and ATPbinding proteins and is involved in the binding of a pyrophosphate moiety of the respective NTP (consensus sequence G/AxxxxGKS/T); Motif II (amino acids 1015-1022) which contains the B-site of the NTP motif (Walker et al., 1982) and includes a conserved aspartate residue that is thought to bind the same phosphate that is bound by the P-loop via a magnesium ion (Hodgman, 1988 , and references therein); Motif III (amino acids 1041 1051) contains a sequence conserved among DNA-and RNA-dependent polymerases (Argos, 1988; Hodgman, 1988) -the functional significance of Motif III homology is not clear (Linder et al., 1989) ; no functions have been assigned for Motif IV (amino acids 1078 1081) and Motif V (amino acids 1124-1144) (Matson & Kaiser-Rogers, 1990 ) and they are not as highly conserved between AcMNPV and OpMNPV as the other motifs (25 % and 57 % respectively compared to 64-100 % for Motifs I, Ia, II, III and VI). Furthermore, Motif Ia (amino acids 961-978) is conserved only among those helicases with DNA binding activity (Gorbalenya et al., 1989a; Hodgman, 1988) . It has been proposed that Motif Ia and a conserved tyrosine residue (see AcMNPV amino acid #1201) in Motif VI are important for this activity (Hodgman, 1988) . In contrast to AcMNPV, the OpMNPV helicase lacks this tyrosine residue. However, other alignments based on a larger number of helicases presumed to bind DNA show residues other than tyrosine (L, N, M, I) at this position (Lu & Carstens, 1991) . Additional motifs have been described for a subgroup of the members of the superfamily of helicases that are related to eIF-4A (Linder et al., 1989) , which include the S-A-T and H-G-I-G-R motifs (implicated in polynucleotide binding) and the D-E-A-D box which overlaps with Motif II and represents a special version of the B-motif (Matson & Kaiser-Rogers, 1990 ). These motifs are not present in the OpMNPV and AcMNPV helicases.
Although biochemical characterization of the baculovirus helicases has not been reported, the ts mutation (V TM ~ M TM) (Lu & Carstens, 1991) that maps between Motif I and Motif Ia in a highly conserved region indicates that in addition to the conserved motifs other regions are important for the function, structural integrity or for protein-protein interaction domains of the protein. Mutation of the most highly conserved amino acids within Motifs I VI in the UL5 gene of herpes simplex virus type 1 led in each case to the inactivation of the helicase gene (Zhu & Weller, 1992) .
The helicase amino acids that have been shown to influence virus host range in AcMNPV-BmNPV recombinants (Croizier et al., 1994; Maeda et al., 1993) are boxed in Fig. 5 . Two of the four amino acids are different between AcMNPV and OpMNPV and both are identical to two of the BmNPV amino acids present in the AcMNPV recombinant with expanded host range.
The 5' flanking sequences of the AcMNPV and OpMNPV helicase genes were aligned (Fig. 4b) . Since this region also contains ORF 96, the sequence conservation could be due to the preservation of helicase regulatory sequences or the ORF 96 reading frame. A Tomalski et al. (1988) is underlined. The ORF 66 and DNA polymerase ATGs are indicated as is a conserved late promoter sequence (LP) that is associated with AcMNPV ORF 66 expression (Ohresser et al., 1994 ). An OpMNPV DNA polymerase TATAA sequence is boxed. (b) Helicase. The location of the AcMNPV helicase promoter and mRNA start sites are shown (Lu & Carstens, 1991) . A conserved late promoter element is indicated as are the initiation codons of helicase and ORF 96. The OpMNPV sequences are arbitrarily numbered to reflect the right to left orientation of the DNA polymerase and helicase genes. The AcMNPV numbers are from the complete AcMNPV sequence (Ayres et al., 1994) . putative early promoter sequence, TAATAA has been mapped in AcMNPV (Lu & Carstens, 1991) and is conserved within the OpMNPV helicase flanking sequence (Fig. 4b) . A late promoter element G/TTAAG probably involved in helicase expression is also conserved in both sequences. In addition, immediately downstream of the helicase ATG in both genes is the initiation codon for ORF 96.
Specificity of baculovirus DNA polymerase and helicase genes
The determination of the nucleotide sequence of both the OpMNPV DNA polymerase and helicase genes has completed the sequencing of all the essential and stimulatory (Ahrens et al., 1995 a; Ahrens & Rohrmann, 1995a, b) genes involved in OpMNPV DNA replication. This set of genes is similar to that reported to be involved in AcMNPV replication (Kool et at., 1994; Lu & Miller, 1995) . However, despite the conservation of the OpMNPV and AcMNPV replication genes, plasmids containing origin sequences from either virus are only replicated to minimal levels in insect cells infected with the heterologous virus (Ahrens e t al., 1995b; indicating that virus-specific protein-DNA interactions probably exist. We therefore examined whether the DNA polymerase and helicase genes could substitute for their homologues in transient replication assays. The OpMNPV and AcMNPV DNA polymerase and helicase genes exhibit about 60% identity at the amino acid sequence level but show differences in the promoter region with the AcMNPV DNA polymerase DNA polymerase and helicase genes of OpMNPV 835 gene lacking a TATAA sequence. To determine if the cell line had an effect on the ability of a set of replication genes to replicate their homologous origin, we tested whether the set of essential replication genes (along with the homologous ie-2 gene as an activator) for each virus could replicate a homologous origin-containing plasmid into the non-permissive cell line. We found that AcMNPV and OpMNPV were capable of replicating their homologous origin in L. dispar cells and S. frugiperda 9 cells, respectively (data not shown). We then substituted the DNA polymerase or helicase genes in transient replication assays. We found that the OpMNPV DNA polymerase was able to substitute for its AcMNPV counterpart with almost no loss of efficiency (about 92%) (Fig. 6a, lane 2) , whereas the AcMNPV DNA polymerase gene substituted for the OpMNPV horn- OpMNPV replication assay with substitution of DNA polymerase and helicase. Lane 1, control -seven OpMNPV replication genes (six essential genes and ie-2); 2, substitution by AcMNPV DNA polymerase; 3, substitution by AcMNPV helicase. The origincontaining reporter plasmids used were pAcHdL (Leisy & Rohrmann, 1993) , which contains hr2, and pHdN . In this assay they were cut with HindIII and EcoRI, respectively, which removed HindL from pAcHdL and linearized pHdN. All samples were also treated with DpnI. For details see Kool et al. (1994) and Ahrens & Rohrmann (1995a, b) . Fig. 5 . Alignment of the OpMNPV and AcMNPV helicases. The most conserved amino acids found in motifs present in a number of members of the helicase superfamily are boxed (modified from Hodgman, 1988; Lu & Carstens, 1991) and numbered I to VI and Ia.
The amino acid resulting in the temperature-sensitive pheuotype of the ts8 mutant of AcMNPV (V 934 ~ M TM) (Lu & Carstens, 1991) is doubly underlined. The four amino acids shown to play a role in expansion of the baculovirus host range (Croizier et al., 1994) are also boxed, and the four amino acids of eh2-AcMNPV are listed above the alignment.
ologue at about 69% efficiency (Fig. 6b, lane 2) . As previously observed, replication ofplasmid DNA in such transfection assays is origin independent and all of the transfected plasmids replicate. This leads to the presence of multiple DpnI resistant bands (Kool et al., 1994) . The data in Fig. 6 indicate that the DNA polymerase gene is functionally interchangeable between the heterologous replication complexes in this assay. In contrast, although we found that the AcMNPV helicase gene could substitute for its OpMNPV homologue when cotransfected along with the set of OpMNPV replication genes into uninfected L. dispar cells relatively efficiently (about 51%) (Fig. 6b, lane 3) , the OpMNPV helicase gene failed to substitute for its counterpart in the AcMNPV set of replication genes in S. frugiperda cells (Fig. 6a, lane 3) . These data suggest that either the OpMNPV helicase does not functionally associate with other components of the AcMNPV replication complex or that it is not expressed at sufficient levels in S. frugiperda cells transfected with the AcMNPV replication genes. An essential gene required for replication is the viral transactivator IE-1. It has been demonstrated that a CAT gene was expressed from the AcMNPV 39K promoter at different levels depending on whether AcMNPV or OpMNPV IE-1 was present (Theilmann & Stewart, 1991) . In L. dispar cells, AcMNPV IE-1 caused a 3-fold increase in the activation level compared to OpMNPV IE-1, whereas in Sf9 cells, it resulted in a 20-fold increase. Therefore, the variability in replication caused by helicase substitution, may be due to either a reduced level of expression or its incompatibility with the other replication genes.
